Measurements of atmospheric oxygen and
carbon dioxide over the Atlantic Ocean: the missing equatorial oceanic oxygen 'bulge' Here, the group present the first meridional transects of atmospheric O 2 , CO 2 and atmospheric potential oxygen (APO; a measure of the ocean-influenced component of atmospheric oxygen variations) over the Atlantic Ocean, from an in situ measurement system deployed on board a commercial container ship
Oceanographic in situ data collected in the Gulf of Guinea during six cruises carried out between 2005 and 2007 were analysed to study the influence of equatorial upwelling on the productivity of the region. At 10°W, observations during boreal summer and autumn cruises captured seasonal upwelling influences. In response to the shoaling (deepening) pycnocline, higher (lower) concentrations of nitrate and chlorophyll fluorescence were recorded at the ocean surface in June (September) 2005. An increase in apparent oxygen utilization with depth, ascribable to oxidation of particulate organic matter, was more pronounced in June 2005.
Climate change trends in oxygen minimum zones in the tropical Pacific across CMIP5 models
Simulations of the Pacific Ocean oxygen minimum zones (OMZs) have been analysed from 11 Earth system model contributions to the Coupled Model Intercomparison Project Phase 5. At interannual time scales, the dynamics of oxygen in the eastern tropical Pacific OMZ is dominated by biological consumption and linked to natural variability in the Walker circulation. However, under the climate change scenario RCP8.5, all simulations yield small and discrepant changes in oxygen concentration at mid-depths in the tropical Pacific by the end of the twenty-first century due to an almost perfect compensation between warming-related decrease in oxygen saturation and decrease in biological oxygen utilization. Out of the OMZs, all the CMIP5 models predict a decrease in oxygen over most of the surface and deep ocean at low latitudes and over all depths at high latitudes due to an overall slowdown of ventilation and increased temperature.
Princeton, NJ, USA
Coupled climate model simulations consistently project for the twenty-first century reduced ventilation of the deep ocean and a loss of oxygen in response to global warming, yet the warming at the end of the last ice age-similar in amplitude to the warming projected for the end of the century-resulted in a better ventilated and oxygenated deep ocean. Here, multimillennial global warming simulations are used with a comprehensive Earth system model under a 1% yr −1 atmospheric CO 2 increase to 2 × CO 2 and constant forcing thereafter scenario to show that this counterintuitive result is a consequence of different rates of ocean warming. After full equilibration of the model with the doubling of atmospheric CO 2 , the deep ocean is actually better ventilated and oxygenated, consistent with palaeo-proxy records. This millennial-scale ventilation recovery is initiated by the AMOC [Atlantic Meridional Overturning Circulation], which rejuvenates after 80 years enhancing the transport of salty waters originating from the subtropical Atlantic Ocean to the Southern Ocean. The upwelling of these anomalous salty waters in the Southern Ocean then begins to erode the freshwater cap that usually prevents convection. After 680 years, the formation of Bottom Waters begins to accelerate and to enhance the oxygenation of the deep ocean. The implications for future ocean carbon uptake and the robustness of the results will be discussed. Recently, a year-round study in a seasonal hypoxic basin led to the 'firewall hypothesis', which explains the absence of sulfide efflux from the sediments into the water column during oxygen depletion (Seitaj et al. 2015) . Bottom water euxinia (= sulfidic waters) is prevented through the build-up of a chemical barrier, an iron (hydr)oxide layer in the sediment, by cable bacteria activity before the oxygen depletion. Here, the firewall hypothesis is tested by seasonally sampling sediment cores, and artificially inducing anoxia in these cores. Cores collected in spring showed intensive cable bacteria activity, and revealed high concentrations of iron (hydr)oxides in the upper sediment. These cores did not show an efflux of sulfide for up to 80 days, thus demonstrating the 'firewall' mechanism. Given the global distribution of cable bacteria, our results suggest that the 'firewall' mechanism could be an essential ecosystem function in seasonally hypoxic coastal systems. Results from hydrographic cruises, autonomous glider deployments and long-term mooring installations highlight the importance of processes regulating supply and consumption of dissolved oxygen across the pycnocline. Data from the glider deployments were used to constrain the relative importance of different sources of organic matter leading to oxygen consumption and to determine a budget of dissolved oxygen within the bottom mixed layer. In particular, the glider data identified cross-pycnocline mixing events responsible for re-oxygenation of the bottom mixed layer not currently resolved by models of the North Sea. Occasional bursts of elevated oxygen consumption were linked to localized depocentres and rapid remineralization of resuspended organic matter from cross-pycnocline mixing.
Cable bacteria protect seasonal hypoxic basins from euxinic conditions
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The physical and biological processes linked to benthic consumption and oxygen resupply are inextricably tied to ocean temperature and need further investigation in the context of warming environments. Despite its importance, the magnitude of global ocean deoxygenation is still uncertain, with observation and model estimates of the O 2 loss between 20 and 80 Tmol yr −1 . A major challenge with estimating the magnitude of deoxygenation is to disentangle natural variations from the climate response, given the relatively weak coverage of current ocean observations. In this study, an atmospheric perspective is taken on ocean deoxygenation. The troposphere is well mixed and has weak spatial horizontal gradients compared to the ocean, so that the number of samples needed to capture a global signal, such as deoxygenation, is much lower in the atmosphere than in the ocean. Based on 25 years of atmospheric potential oxygen (APO ∼ O 2 + CO 2 ) measurements, the global change in O 2 and CO 2 air-sea exchanges has been quantified and the contribution due to global warming isolated. It was found that the ocean has lost approximately 1100 Tmol of potential oxygen to the atmosphere over the observational period, which represents a loss of approximately 50 Tmol yr −1 . This observational constraint on the ocean air-sea flux has been combined with a suite of climate models to estimate the magnitude of the global deoxygenation and to discuss its future evolution. The turbulent nature of ocean circulation, manifest in a vigorous mesoscale eddy field, means that pathways of ventilation, once thought to be quasi-laminar, are in fact highly chaotic. The chaotic nature of ventilation pathways has been quantified by defining a non-dimensional 'filamentation number', which estimates the reduction in filament width of a ventilated fluid parcel due to mesoscale strain. In the subtropical North Atlantic of an eddy-permitting ocean model, the filamentation number is large everywhere across two upper ocean density surfaces, increasing with depth, implying highly chaotic ventilation pathways. Confirming this result, an advective mapping of surface properties onto the density surfaces reveals highly filamented structure. These results have important implications for the spreading of atmospherically derived tracers into the ocean interior, and for the capacity of water parcels to retain memory of their surface properties. Further experiments were performed using PDO+ (PDO−) wind stress and climatological thermal forcings in order to disentangle the role of the changes in wind-driven circulation and mixed layer/thermocline depth. A deeper thermocline in the eastern part of the basin fosters an oxygen increase in the upwelling systems, while a slower wind-driven circulation is responsible for a decrease in oxygen in the tropical Pacific Ocean. Modelling studies predict a depletion of the oceanic dissolved oxygen content with global warming. These results are confirmed by observational studies. The oxygen minimum zones (OMZs), which result from a combination of weak ventilation and sustained respiration by microorganisms, will therefore expand, impacting the environment of marine species. But this statement is questioned by Deutsch, who relates the variations of Pacific OMZ to the strength of the tropical Walker circulation. Here, the variability of the OMZs is investigated using a simulation of the Community Earth system model covering the last millennium and the twentyfirst century. The study focuses on the response of the OMZs to increasing anthropogenic emissions as well as the short-term response to volcanic eruptions in the context of internal variability. Dissolved oxygen (DO) declines in the ocean interior are predicted to continue into the future. Effects on marine biota are likely to be profound, particularly in oxygen minimum zones (OMZs), where long-term DO declines are acute. Distribution changes of large pelagic fish with high metabolic oxygen demands may be significant, but remain understudied. The group satellitetracked blue sharks in the eastern tropical Atlantic OMZ and found clear responses: surface occupancy (0-250 m) was 27% higher, and in deep depths (250-600 m) approximately 95% lower, compared to adjacent areas. Modelling showed vertical habitat was compressed most in areas of low DO and high surface temperatures. Analysis of 322 longline fishing vessel movements showed they spent more time fishing (gear soaking) inside OMZ waters (73%) than outside (60%). Vertical habitat compression accompanying OMZ shoaling will further concentrate blue sharks in near-surface waters where greater gear presence may increase capture risks. The group has investigated the impact of subsurface coherent (sub)mesoscale eddies on oxygen in the ocean, the focus of which has been on eddies shedding from the poleward undercurrents of the oxygen-deficient zones, which subsequently propagate westward, deep into the subtropical gyres. These eddies trap and transport waters with characteristic oxygen anomalies over long distances. They are known to exist but are sparsely observed, as they are 'hiding' in the ocean interior, oftentimes undetectable at the ocean surface. To this end, eddies are tracked in a highresolution model simulation based on isopycnal layer thickness anomalies, and their long-range transport is assessed from the evolution of their oxygen properties. The role of the subsurface eddies for the oxygen distribution of and exchange between the oxygen-deficient zones and the subtropical gyres is being investigated.
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Effect of coherent subsurface eddies on oxygen
18. Impact of internal ocean variability on the eastern equatorial Pacific oxygen minimum zone in a biogeochemical model B. Schneider, J. Segschneider and X. Xu
Institute of Geosciences, University of Kiel, Kiel, Germany
It is common strategy to use averaged circulation fields to drive off-line ocean biogeochemical models, in particular for long integrations such as spin-ups or palaeo-studies. Parameters of the biogeochemical model are then tuned to match observations. Here, it is shown that this is not necessarily an ideal strategy, as the internal variability may result in a different mean state of the ocean biogeochemistry. When comparing two preindustrial ocean biogeochemical simulations of identical mean climate, one forced with constant repeating seasonality (CLIM) and one forced retaining monthly interannual variability (IAV), distinctly lower oxygen concentrations are found in the Eastern Equatorial Pacific oxygen minimum zone under IAV forcing. The reason is a nonlinear increase in export of particulate organic carbon during (cold) La Niña events, which results in increased oxygen consumption. Consequently, the biogeochemical state of the ocean in past climates was probably influenced not only by mean climate changes, but also by changes in variability. Shelf sediments in oxygen minimum zones (OMZs) are potentially a major contributor of bioessential trace metals to offshore waters. Future changes in metal fluxes are projected as a result of expansion of OMZs, and will have potentially important biogeochemical impacts in the adjacent ocean regions. Resolving the processes in OMZs that determine trace metal release, transport and stabilization is thus essential. To this end, the group measured a suite of bioessential (e.g. Fe, Co, Cu, Zn) and process-diagnostic (e.g. scavenging Pb) dissolved and total dissolvable trace metals to deconvolve trace metal release and stabilization in OMZs along the Mauritanian shelf. The results constrain the influence of oxygen concentration and water mass flux/velocity on the concentration and offshore transport of iron, manganese and cobalt. A twofold increase in dissolved iron from 4 to 8 nmol l −1 at the same location coincided with a decrease in oxygen from 50 to 30 µmol kg −1 .
Regional patterns of oxygen supply for the eastern South Pacific oxygen minimum zone
Regional oxygen fluxes into the eastern South Pacific (ESP) oxygen minimum zone (OMZ) due to advection, isoneutral turbulent diffusion and dianeutral turbulent diffusion are estimated in neutral density (γ n ) layers from Argo and dissolved oxygen climatological data. The ESP OMZ is defined as the oceanic volume delimited by the climatological oxygen isosurface of 60 µmol kg −1 and its intersection with a zonal vertical section located at 4°S. For this analysis, the group divided the oxygen isosurface into equatorial/tropical and subtropical parts, and computed the advective and diffusive oxygen fluxes across them. When integrated over the entire annual-mean oxygen isosurface, the advective oxygen flux produces a zero net advective oxygen supply but still may separate the contributions of both paths to the ventilation of the ESP OMZ. The group found that the oxygen advective fluxes from the equatorial/tropical part dominated oxygen supply in the upper layers, corresponding to the eastward-flowing equatorial zonal currents. However, isoneutral turbulent diffusion fluxes became dominant in both regions at levels deeper than γ n = 26.75 kg m −3 . At the core of the ESP OMZ (γ n = 26.81 kg m −3 ), turbulent diffusion provides for most of the oxygen (81%), with the regionally integrated subtropical advective supply of oxygen being larger (13.5%) than its equatorial/tropical counterpart (5.5%). The group reports a subsurface eastward flow between 12°and 15°S and centred at γ n = 27.19 kg m −3 , named the Polynesian Intermediate Current, which is a principal source of oxygen to the OMZ, providing 18% of the oxygen across the equatorial/tropical region of the ESP OMZ boundary (for γ n = 27.0-27.4 kg m −3 ). Combining the regionally integrated oxygen fluxes across the ESP OMZ boundary gives the following: the isoneutral turbulent diffusive fluxes provide 417.4 ± 43.0 kmol s −1 (2.15 ± 0.22 µmol kg −1 yr −1 ; 52.4%), advective fluxes supply 292.7 ± 25.2 kmol s −1 (1.49 ± 0.13 µmol kg −1 yr −1 ; 36.8%) and dianeutral turbulent diffusive fluxes contribute with 85.8 ± 17.6 kmol s −1 (0.43 ± 0.09 µmol kg −1 yr −1 ; 10.8%). Assuming that the ESP OMZ was in steady state, the mean biological consumption of oxygen required to close the annual mean oxygen budget is 795.9 ± 195.0 kmol s −1 (4.07 ± 1.00 µmol kg −1 yr −1 ). The group has shown that from 1955 to 2015, the inventory of oxygen in the Black Sea has decreased by 44% and the basin-averaged oxygen penetration depth has decreased from 140 m in 1955 to 90 m in 2015, which is the shallowest annual value recorded during that period. The oxygenated Black Sea surface layer separates the world's largest reservoir of toxic hydrogen sulfide from the atmosphere. The threat of chemocline excursion events has led to hot debates in the past decades arguing over the vertical stability of the Black Sea oxic/suboxic interface. In the 1970s and 1980s, when the Black Sea faced severe eutrophication, enhanced respiration rates reduced the thickness of the oxygenated layer. Re-increasing oxygen inventory in 1985-1995 supported arguments in favour of the stability of the oxic layer. Concomitant with a reduction in nutrient loads, it also supported the perception of a Black Sea recovering from eutrophication. More recently, atmospheric warming was shown to reduce the ventilation of the lower oxic layer by lowering cold intermediate layer (CIL) formation rates.
Decline of the Black Sea oxygen inventory
The debate on the vertical migration of the oxic interface also addressed the natural spatial variability affecting Black Sea properties when expressed in terms of depth. Here, the group show that using isopycnal coordinates does not overcome the significant spatial variability of oxygen penetration depth. By considering this spatial variability, the analysis of a composite historical set of oxygen profiles evidenced a significant shoaling of the oxic layer, and showed that the transient 'recovery' of the 1990s was mainly a result of increased CIL formation rates during that period.
As both atmospheric warming and eutrophication are expected to increase in the near future, monitoring the dynamics of the Black Sea oxic layer is urgently required to assess the threat of further shoaling.
